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Abstract: In this paper, we investigate the simplest wormhole solution—the Ellis–Bronnikov one—in
the context of the asymptotically safe gravity (ASG) at the Planck scale. We work with three models,
which employ the Ricci scalar, Kretschmann scalar, and squared Ricci tensor to improve the field
equations by turning the Newton constant into a running coupling constant. For all the cases, we
check the radial energy conditions of the wormhole solution and compare them with those that are
valid in general relativity (GR). We verified that asymptotic safety guarantees that the Ellis–Bronnikov
wormhole can satisfy the radial energy conditions at the throat radius, r0, within an interval of values
of the latter, which is quite different from the result found in GR. Following this, we evaluate the
effective radial state parameter, ω(r), at r0, showing that the quantum gravitational effects modify
Einstein’s field equations in such a way that it is necessary to have a very exotic source of matter to
generate the wormhole spacetime–phantom or quintessence-like matter. This occurs within some
ranges of the throat radii, even though the energy conditions are or are not violated there. Finally, we
find that, although at r0 we have a quintessence-like matter, upon growing r, we inevitably came
across phantom-like regions. We speculate whether such a phantom fluid must always be present in
wormholes in the ASG context or even in more general quantum gravity scenarios.

Keywords: asymptotically safe gravity; general relativity; Ellis–Bronnikov wormhole

1. Introduction

Wormholes and their traversability are an object of intense discussion in the commu-
nities which study general relativity and it’s extensions. By means of Einstein’s theory,
one shows [1–4] that the wormhole is traversable only with the presence of exotic matter,
including Casimir energy [5–9], even being capable of mimicing the behavior of black
holes [10–12]. Classically modified gravity theories involving wormholes (e.g., Einstein–
Gauss–Bonett gravity [13], Lovelock gravity [14], Einstein–Born–Infeld gravity [15], and
others [16–19]), as well as some quantum corrected ones [20], are also often discussed in
the literature.

Nobody knows if quantum effects can change the energy conditions of wormholes
and avoid the necessity of having non-exotic matter, but a definitive answer to these issues
requires the formulation of the ultimate quantum theory of gravity, which is actually in-
tensely researched. Notwithstanding, quantum effects in gravity can be described through
an asymptotically safe quantum field theory, which is UV complete [21–24]. The existence
of such a fixed point for the gravity re-normalization group flow is verified from several
methods and in various scenarios [25–42]. Its physical applications are explored in [43–51].
However, solving the exact re-normalization group equation to derive the effective average
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action is very hard, if not impossible. Therefore, the effects of this quantization method are
usually considered (i.e., semi-classically) as a correction to the classical theory and studied
by means of an effective theory obtained by turning the classical coupling constant into a
running one, which is derived from the solution for the β-function [25,52,53].

An example of the re-normalization group improvement of the field equations can be
shown via the action modification presented in [54,55]. In this method, the action functional
is covariantly improved, leading to the modification of Einstein’s equations:

Gµν = 8πG(χ)Tµν + G(χ)Xµν(χ) , (1)

where G(χ) is the improved coupling constant introduced as a function of the curvature
invariants χ, with the covariant tensor Xµν being defined as:

Xµν(χ) =
(
∇µ∇ν − gµν�

)
G(χ)−1 − 1

2

(
RK(χ) δχ

δgµν +

∂κ

(
RK(χ) ∂χ

∂(∂κ gµν)

)
+ ∂κ∂λ

(
RK(χ) ∂χ

∂(∂λ∂κ gµν)

))
, (2)

with K(χ) ≡ 2∂G(χ)/∂χ
G(χ)2 [56].

The functional re-normalization group methods as well as other assumptions [25,57]
lead to the anti-screening running gravitational coupling given by:

G(k) =
G0

1 + ωk2G0
, (3)

where k is the Euclidean 4-momentum, ω = (4/π)(1− π2/144), and G0 is the Newton
gravity constant [58]. Hence, one can introduce the RG improvement, in the form ωk2 →
ξ f (χ), where χ is a function of curvature invariants with the dimension of length square.

The function f (χ) ≡ ξ/χ is called anti-screening running coupling since it goes
to zero at the scale of very high energies (χ → 0). This behavior mimics that of the
quarks and gluons, which are subject to the asymptotic freedom described by quantum
chromodynamics. The scaling constant ξ can be written as G0ωξ0, and ξ0ω is a constant of
the order of unity [58].

The quantum correction term Xµν depends on the scaling factor, and up to the first
order one gets [55,56]:

Xµν ' ∇µ∇νG(χ)−1 − gµν�G(χ)−1 , (4)

with χ depending on a well-defined function of all independent curvature invariants, such
as R, RαβRαβ, RαβκλRαβκλ, · · · [55]. However, one of the drawbacks of the theory is that
there is no unique way to fix the form of χ [59–62], although for non-vacuum solutions,
one can restrict the possible choices [56,59–61].

In this direction, the authors of [63] study the effects of the above modifications due
to asymptotically safe gravity in wormholes. For this, they consider some simplifications,
such as a linear Equation of State (EoS). They also study only the region very close to the
throat. With this, they find that for some ranges of the parameters, a traversable Morris
wormhole is possible. However, the supposition of a linear EoS excludes a lot of possible
models. Additionally, the study of the model with an analytical solution valid for all
r is important to analyze the behavior of the system throughout all of space. Research
considering these features is lacking in the literature.

In this work, we will investigate a system that provides us with both the above
possibilities: a non-trivial EoS with an analytical solution for all regions of spacetime. For
this, we consider the quantum effects on the Ellis–Bronnikov wormhole at the Planck scale,
employing the re-normalization group improved theory. Thus, in Section 2, we will study
models using anti-screening functions based on Ricci scalar, squared Ricci tensor, and
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Kretschmann scalar. We will verify that, besides the flare-out and anti-screening conditions,
the principal radial energy conditions are satisfied at the Planck scale, which does not
happen in general relativity, in certain intervals of the throat radius. In addition, we will
show that the quantum effects associated with asymptotically safe gravity are such that the
zero tidal Ellis–Bronnikov spacetime has to be supported by a highly exotic matter, such
as phantom or quintessence-like energies, in a range of the wormhole throat radii and at
certain regions away from the throat. In Section 3, we conclude the paper.

2. The Ellis–Bronnikov Wormhole Solution in ASG

We consider the spherical Morris–Thorne wormhole metric given by:

ds2 = e2Φ(r)dt2 − dr2

1− b(r)/r
− r2dΩ2 . (5)

For an anisotropic matter Tµ
ν = Diag[ρ(r),−pr(r),−pl(r),−pl(r)] , the improved field

Equation (1) led to [63]:

κρ = (1 + f ) b
′

r2 − (1− b
r )( f ′′ + 2

r f ′) + b
′
r−b

2r2 f ′ , (6)

κpr = −(1 + f )
(

b
r3 − 2Φ

′

r (1− b
r )
)
+ (1− b

r )
(

Φ
′
+ 2

r

)
f ′ , (7)

κpl = −(1 + f )
(

b′r−b
2r2 (Φ′ + 1

r )− (1− b
r )(Φ

′′ + Φ′2 + Φ′
r )
)

+(1− b
r )
(
(Φ
′
+ 1

r ) f ′ + f ′′
)
− b

′
r−b

2r2 f ′ , (8)

with κ = 8πG0.
For an asymptotically flat Morris wormhole, shape and redshift functions are given by:

b(r) = r2
0/r, (9)

Φ(r) = 0. (10)

characterizing a zero tidal wormhole, with r0 being the throat radius. The flare-out condi-
tion b′(r0) < 1 is readily satisfied. With this, our equations simplify to:

κρ = −(1 + f )
r2

0
r4 −

2
r
(1− 1

2
r2

0
r2 ) f ′ − (1−

r2
0

r2 ) f ′′, (11)

κpr = −(1 + f )
r2

0
r4 +

2
r
(1−

r2
0

r2 ) f ′ , (12)

κpl = (1 + f )
r2

0
r4 f ′ + (1−

r2
0

r2 )

(
1
r

f ′ + f ′′
)
+

r2
0

r3 f ′ , (13)

Now, we must choose the function f = ξ/χ. For the above case, we have:

R = −2
r2

0
r4 , RµνRµν = 4

r4
0

r8 , RµνκλRµνκλ = 12r4
0/r8

therefore, in order for the condition f > 0 to be obeyed and to obtain the correct dimensions,
we must choose:

f1 = −ξR = 2ξ
r2

0
r4 , f2 = ξ(RµνRµν)

1/2 = 2ξ
r2

0
r4 , f3 = ξ(RµνκλRµνκλ)1/2 = ξ

√
12r2

0/r4. (14)

With the above expressions, we see that for the Ellis–Bronnikov wormhole, we have
f1 = f2 = f3/

√
3. Therefore, for all cases, we must have very similar behaviors. We will

first consider the cases f1, f2, which are identical, and obtain analytical conclusions. At the
end, we plot figures for the case f3.
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Now, we will analyze the radial energy conditions of the Ellis–Bronnikov wormhole.
Such conditions are verified from the substitution of Equation (14) into Equations (11) and (12).
We get:

κρr = −
r2

0
r8

(
−30r2

0ξ + 24ξr2 + r4
)

, (15)

κpr = −
r2

0
r8

(
−14r2

0ξ + 16ξr2 + r4
)

, (16)

κ(ρ + pr) = −
2r2

0
r8

(
−22r2

0ξ + 20ξr2 + r4
)

. (17)

The first thing we can note is that the state equation is not linear for any value of
ξ. Therefore, as mentioned in the introduction, the model considered in [63] does not
take into account the Ellis–Bronnikov wormhole, which is considered the most simple
wormhole. In fact, the above b(r) is never a solution to their equations. It can be seen that
the Ellis–Bronnikov wormhole satisfies the radial energy conditions in the ASG scenario.
For this, we need to analyze the quantities ρ, pr, and ρ + pr, in order to verify if the null
(ρ + pr ≥ 0), weak (ρ ≥ 0, ρ + pr ≥ 0), and dominant (ρ ≥ 0, ρ ≥ |pr|) energy conditions
are satisfied near the throat.

What will determine the sign of the Equations (15)–(17) are the terms between paren-
theses. These terms are all bi-quadratic equations with only two symmetric roots, respec-
tively given by:

r = ±
√
√

6
√

ξ
(
5r2

0 + 24ξ
)
− 12ξ, (18)

r = ±
√
√

2
√

ξ
(
7r2

0 + 32ξ
)
− 8ξ, (19)

r = ±
√
√

2
√

ξ
(
11r2

0 + 50ξ
)
− 10ξ. (20)

This shows that the three quantities are positive in r = 0 and are monotonically
decreasing, changing sign in the above roots. Therefore, close to r = 0, it can be seen
that they are all positive, satisfying all the energy conditions. However, we also need the
conditions close to r = r0. In r = r0, the above equations reduce to:

κρ = − 1
r4

0

(
−6ξ + r2

0

)
, (21)

κpr = − 1
r4

0

(
2ξ + r2

0

)
, (22)

κ(ρ + pr) = − 2
r4

(
−2ξ + r2

)
. (23)

Therefore, we arrive at some general conclusions. We see that pr must always be
negative, since pr is always decreasing and at r = r0 it is negative. For ρ > 0, we see that
we must add the relation r2

0 < 6ξ. For ρ + pr > 0, we must have r2
0 < 2ξ. Therefore, we can

obtain that the energy conditions depend on the relations between r0 and ξ, as below:
Null: ρ + pr > 0 if r2

0 < 2ξ,
Weak: ρ ≥ 0, ρ + pr ≥ 0 if r2

0 < 2ξ,
Dominant:ρ ≥ 0, ρ ≥ |pr| if r2

0 < 2ξ.

We see therefore that for r2
0 < 2ξ, the null, weak, and dominant energy conditions

are satisfied near the wormhole throat at the Planck scale. Therefore, a radical difference
with general relativity is that now we have the possibility that the energy conditions (2)
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are satisfied over the throat if r2
0 < 2ξ. This also shows that the result of general relativity

can be recovered in the limit ξ → 0, as expected. From another viewpoint, in the limit
ξ → 0, none of the conditions can be satisfied, as expected. From now on, we will study
the consequences of imposing that r2

0 < 2ξ, and therefore that the energy conditions are
satisfied over the throat.

First, we will investigate the presence of cosmological exotic matter in the Ellis–
Bronnikov wormhole in the ASG scenario by evaluating the state parameter ω(r) = pr/ρ.
Let us first see what kind of matter is allowed at our wormhole throat. For this, we have:

ω =
r2

0 + 2ξ

r2
0 − 6ξ

and we can analyze this as a function of r0. We easily obtain:
Quintessence:− 1 < ω < −1/3 if r0 <

√
2ξ,

Phantom: ω < −1 if
√

2ξ < r0 <
√

6ξ,
Other Exotic Matter: ω > 1 if r0 >

√
6ξ.

(24)

An interesting point about the above result is that general relativity demands that
ω = 1, but this is forbidden here since ω = 1 only if ξ = 0. This again shows that the
result of general relativity can be recovered in the limit ξ → 0, as expected. Now, we
can see the consequences of imposing r2

0 < 2ξ, and therefore, that over the throat, the
energy conditions are satisfied. From Equation (24), we see that this implies a source with
−1 < ω < −1/3. Therefore, at r = r0, our improved wormhole can satisfy the energy
conditions, but must be sourced by quintessential fluid. In this case (r2

0 < 2ξ), we can also
study, region by region, what are the sources that surround our wormhole. The regions
where the EoS is phantom-like are given by:

r4 + 20ξr2 − 22r2
0ξ > 0.

Again, this is a bi-quadratic equation with two symmetric solutions, given by:

r = ±
√
√

2
√

ξ
(
11r2

0 + 50ξ
)
− 10ξ,

and therefore, we must have:

r >

√
√

2
√

ξ
(
11r2

0 + 50ξ
)
− 10ξ

Since we are considering r0 <
√

2ξ, the above expression implies that r >
√

2ξ.
Therefore, this reinforces our result that at r = r0, we can never have a phantom. Now,
let us determine precisely the region that is Phantom-like. For this, we remember that ρ
has a real root where it changes sign, and pr is always negative. With this, we conclude
that, beyond the root (18), we must have exotic matter with (ω > 1), for instance, Casimir
energy (ω = 3). We also conclude that the region between

√
2ξ and our singularity is

phantom-like. Therefore, in asymptotically safe gravity, the wormhole requires very exotic
matter as a source for

√
2ξ < r <

√
2ξ
√√

51− 3, while in general relativity, it needs exotic
matter with ω = 1 (stiff matter [64]) at any r. Below, we provide the solution for all regions:

Quintessence:− 1 < ω < −1/3 if r0 < r <
√

2ξ,

Phantom: ω < −1 if
√

2ξ < r <
√

2ξ
√√

51− 3,

Other Exotic Matter: ω > 1 if r >
√

2ξ
√√

51− 3.

(25)
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Finally, we consider the Kretschmann scalar. As stated above, the behavior must be
the same as for the other cases. Due to the similarity, we only provide the plot of the
expressions. In Figures 1 and 2, we plot the quantities ρ, pr, and ρ + pr, in order to visualize
that the null (ρ + pr ≥ 0), weak (ρ ≥ 0, ρ + pr ≥ 0), and dominant (ρ ≥ 0, ρ ≥ |pr|) energy
conditions are satisfied or not near the throat.

Ρ º p

Ρ + p

1.2 1.4 1.6 1.8 2.0

-0.08

-0.06

-0.04

-0.02

Figure 1. Plot of ρ ≡ pr and ρ + pr, as functions of the coordinate r, in Planckian units, for ξ = 0 and
r0 = 1.

Looking at Figure 2, we can notice that the null, weak, and dominant radial energy
conditions are satisfied near the wormhole throat at the Planck scale, in the context of ASG.

Ρ

Ρ + p

p

1.1 1.2 1.3 1.4 1.5

-0.6

-0.4

-0.2

0.2

Figure 2. Plot of ρ, pr, and ρ + pr, as functions of the coordinate r, in Planckian units, for ξ = 1 and
r0 = 1.

In Figure 1, we depict the same quantities, in the context of general relativity (ξ = 0).
Hence, we conclude that, in general relativity, the radial null and weak energy condi-

tions are not satisfied near the throat, and the dominant one is satisfied, and even so within
the inferior limit, ρ = |p|.

In Figure 3, we depict the state parameter as a function of r0, considering quantum
improved gravity.

The above figures have the same behaviors as the previous analytical expressions
when we considered the functions f1, f2. Therefore, the conclusions are basically the same.
We should point out that the results for the Kretschmann scalar can be obtained just by
doing ξ →

√
4ξ.
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Phantom

Ω

r

2 4 6 8 10

-4

-2

2

4

Figure 3. Plot of state parameter, ω = pr/ρ, as a function of the throat radius, r0, in Planckian units,
for ξ = 1 and r = r0.

3. Conclusions

In this paper, we have studied the presence of the simplest wormhole solution (the
Ellis–Bronnikov one) in the context of asymptotic safety in quantum gravity, at the Planck
scale. Thus, we have considered three models, which employ Ricci scalar, squared Ricci
tensor, and Kretschmann scalar, to perform a re-normalization group improvement of the
Ellis–Bronnikov solution of general relativity at that scale.

In this scenario, we checked the radial energy conditions for that wormhole solution
and found that, besides both flare-out and anti-screening conditions, the null, weak, and
dominant energy conditions were also satisfied near the throat if r0 <

√
2ξ. On the other

hand, the wormhole only obeyed the dominant condition in general relativity, and only at
the inferior limit, ρ = |pr|.

First, we considered the Ricci scalar and squared Ricci tensor since they provide
identical improvements. We analyzed the improved Ellis–Bronnikov wormhole in the
region very close to the throat by using r = r0. We found that the effective EoS in this
region forbids ω = 1. Therefore, the quantum gravity effects cannot match with a perfect
fluid, as it is considered in [63], to generate the wormhole under consideration. In fact,
we considered ω as a function of r0. With this, in Equation (24), we showed that the
quantum gravity effects on the region near the wormhole throat are such that there must
be a phantom, quintessence, or exotic matter with ω > 1 (including Casimir energy), thus
generating the modified wormhole spacetime, regardless of whether the radial energy
conditions are satisfied or not. The phantom-like matter, for example, was obtained for the
throat radii

√
2ξ < r0 <

√
6ξ. However, when we imposed that the wormhole does not

violate the radial energy conditions over the throat, we found that r0 <
√

2ξ, and the only
possibility in the region was given by −1 < ω < −1/3. Thus, the quantum gravity effects
require the presence of the quintessence-like matter near the throat of the wormhole.

Next, we considered the other regions of the wormhole and what kind of sources are
necessary for the quantum modified gravity. Here, we imposed that the wormhole satisfies
the radial energy conditions from the beginning. With this, in Equation (25), we showed
that the wormhole can be divided into three regions when r grows from the throat. The
first, around the throat, must be sourced by quintessence-like matter, the second must be
sourced by a phantom-like fluid, and the third by exotic matter with ω > 1, including
Casimir energy (ω = 3).

Third, and since the Kretschmann scalar is proportional to the Ricci scalar, we only
considered this case graphically. From Figure 1, it can be seen that the null, weak, and
dominant energy conditions were satisfied near the wormhole throat at the Planck scale. In
Figure 2, we depicted the same quantities, also in the context of general relativity (ξ = 0).
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In Figure 3, we depicted the state parameter as a function of r0, considering quantum
improved gravity. With these plots, we can also visualize all the results of the previous
cases. For example, we can see from Figure 3 that the kind of fluid that must be present
at the throat due to the quantum gravity effects can only be quintessence-like matter,
−1 < ω < −1/3.

Finally, we can conclude that the hypothesis of a perfect fluid is not possible in order
to obtain traversable Ellis–Bronnikov wormholes in the context of ASG. However, at least
for this case, the very exotic phantom-like matter must be present in some regions of
the modified spacetime, and even at the throat for some of them, notwithstanding the
non-violation of the radial energy conditions in the analyzed scenario. To study other
examples with analytical solutions beyond the throat would be very important in order to
verify whether the phantom-like matter is a necessity for wormholes in the asymptotically
safe gravity or even in more general quantum gravity scenarios. These will be the topics of
our next studies.

Author Contributions: Conceptualization, C.R.M. and G.A.; investigation: C.R.M. and G.A.; Method-
ology, C.R.M. and G.A.; formal analysis, C.R.M. and G.A.; writing, C.R.M., G.A., V.B.B. and H.S.V.;
validation, C.R.M., G.A., V.B.B. and H.S.V. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Fundação Cearense de Apoio ao Desenvolvimento Científico
e Tecnológico (FUNCAP), grant number PRONEM PNE-0112-00085.01.00/16; H.S.V. was funded by
Humboldt-Stiftung/Foundation, grant number 1209836 and Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior—Brasil (CAPES), Finance Code 001.

Acknowledgments: The authors would like to thank Conselho Nacional de Desenvolvimento Cientí-
fico e Tecnológico (CNPq) for the partial financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ellis, H.G. Ether flow through a drainhole: A particle model in general relativity. J. Math. Phys. 1973, 14, 104. [CrossRef]
2. Bronnikov, K.A. Scalar-tensor theory and scalar charge. Acta Phys. Pol. B 1973, 4, 251.
3. Morris, M.S.; Thorne, K.S. Wormholes in spacetime and their use for interstellar travel: A tool for teaching general relativity. Am.

J. Phys. 1988, 56, 395. [CrossRef]
4. Cataldo, M.; Liempi, L.; Rodriguez, P. Morris-Thorne wormholes in static pseudospherically symmetric spacetimes. Phys. Rev. D

2015, 91, 124039. [CrossRef]
5. Garattini, R. Casimir wormholes. Eur. Phys. J. C 2019, 79, 951.
6. Jusufi, K.; Channuie, P.; Jamil, M. Traversable wormholes supported by GUP corrected Casimir energy. Eur. Phys. J. C 2020, 80,

127. [CrossRef]
7. Alencar, G.; Bezerra, V.B.; Muniz, C.R. Casimir Wormholes in (2+ 1) Dimensions with Applications to the Graphene. arXiv 2021,

arXiv:2104.13952.
8. Oliveira, P.H.F.; Alencar, G.; Jardim, I.C.; Landim, R.R. Traversable Casimir Wormholes in D Dimensions. arXiv 2021,

arXiv:2107.00605.
9. Martinez, C.; Nozawa, M. Static spacetimes haunted by a phantom scalar field. I. Classification and global structure in the

massless case. Phys. Rev. D 2021, 103. [CrossRef]
10. Nandi, K.K.; Izmailov, R.N.; Yanbekov, A.A.; Shayakhmetov, A.A. Ring-down gravitational waves and lensing observables: How

far can a wormhole mimic those of a black hole? Phys. Rev. D 2017, 95, 104011. [CrossRef]
11. Karimov, R.K.; Izmailov, R.N.; Potapov, A.A.; Nandi, K.K. Can accretion properties distinguish between a naked singularity,

wormhole and black hole? Eur. Phys. J. C 2020, 80, 1138. [CrossRef]
12. Yusupova, R.M.; Karimov, R.K.; Izmailov, R.N.; Nandi, K.K. Accretion Flow onto Ellis—Bronnikov Wormhole. Universe 2021, 7,

177. [CrossRef]
13. Richarte, M.G.; Simeone, C. Thin-shell wormholes supported by ordinary matter in Einstein-Gauss-Bonnet gravity. Phys. Rev. D

2007, 76, 087502. [CrossRef]
14. Matulich, J.; Troncoso, R. Asymptotically Lifshitz wormholes and black holes for Lovelock gravity in vacuum. JHEP 2011, 2011,

118. [CrossRef]
15. Richarte, M.G.; Simeone, C. Corrected Article: Wormholes in Einstein-Born-Infeld theory [Phys. Rev. D 80, 104033 (2009)]. Phys.

Rev. D 2010, 81, 109903. [CrossRef]
16. Garcia, N.M.; Lobo, F.S.N. Exact solutions of Brans–Dicke wormholes in the presence of matter Mod. Phys. Lett. A 2011, 40, 3067.

http://doi.org/10.1063/1.1666161
http://dx.doi.org/10.1119/1.15620
http://dx.doi.org/10.1103/PhysRevD.91.124039
http://dx.doi.org/10.1140/epjc/s10052-020-7690-7
http://dx.doi.org/10.1103/PhysRevD.103.024003
http://dx.doi.org/10.1103/PhysRevD.95.104011
http://dx.doi.org/10.1140/epjc/s10052-020-08717-x
http://dx.doi.org/10.3390/universe7060177
http://dx.doi.org/10.1103/PhysRevD.76.087502
http://dx.doi.org/10.1007/JHEP10(2011)118
http://dx.doi.org/10.1103/PhysRevD.81.109903


Universe 2021, 7, 238 9 of 10

17. Ovgun, A.; Jusufi, K.; Sakallı, I. Exact traversable wormhole solution in bumblebee gravity. Phys. Rev. D 2019, 99, 024042.
[CrossRef]

18. Chew, X.Y.; Kleihaus, B.; Kunz, J. Geometry of Spinning Ellis Wormholes. Phys. Rev. D 2016, 94, 104031. [CrossRef]
19. Chew, X.Y.; Kleihaus, B.; Kunz, J. Spinning Wormholes in Scalar-Tensor Theory. Phys. Rev. D 2018, 97, 064026. [CrossRef]
20. Fu, Z.; Grado-White, B.; Marolf, D. A perturbative perspective on self-supporting wormholes. Class. Quant. Grav. 2019, 36, 045006.

[CrossRef]
21. Weinberg, S. Understanding the Fundamental Constituents of Matter; Zichichi, A., Ed.; Plenum Press: New York, NY, USA, 1978.
22. Weinberg, S. General Relativity; Hawking, S.W., Isreal, W., Eds.; Cambridge University Press: Cambridge, UK, 1979.
23. Becker, D.; Reuter, M. Asymptotic Safety and black hole thermodynamics. JHEP 2012, 2012, 172. [CrossRef]
24. Niedermaier, M.; Reuter, M. The Asymptotic Safety Scenario in Quantum Gravity. Liv. Rev. Rel. 2006, 9, 5. [CrossRef] [PubMed]
25. Reuter, M. Nonperturbative evolution equation for quantum gravity. Phys. Rev. D 1998, 57, 971. [CrossRef]
26. Lauscher, O.; Reuter, M. Ultraviolet fixed point and generalized flow equation of quantum gravity. Phys. Rev. D 2002, 65, 025013.

[CrossRef]
27. Litim, D.F. Fixed Points of Quantum Gravity. Phys. Rev. Lett. 2004, 92, 201301. [CrossRef]
28. Machado, P.F.; Saueressig, F. Renormalization group flow of f(R) gravity. Phys. Rev. D 2008, 77, 124045. [CrossRef]
29. Benedetti, D.; Machado, P.F.; Saueressig, F. Asymptotic safety in higer-derivative gravity. Mod. Phys. Lett. A 2009, 24, 2233.

[CrossRef]
30. Manrique, E.; Rechenberger, S.; Saueressig, F. Asymptotically Safe Lorentzian Gravity. Phys. Rev. Lett. 2011, 106, 251302.

[CrossRef]
31. Christiansen, N.; Litim, D.F.; Pawlowski, J.M.; Rodigast, A. Fixed points and infrared completion of quantum gravity. Phys. Lett.

B 2014, 728, 114. [CrossRef]
32. Morris, T.R.; Slade, Z.H. Solutions to the reconstruction problem in asymptotic safety. JHEP 2015, 11, 94. [CrossRef]
33. Demmel, M.; Saueressig, F.; Zanusso, O. A proper fixed functional for four-dimensional Quantum Einstein Gravity. JHEP 2015, 8,

113. [CrossRef]
34. Platania, A.; Saueressig, F. Functional Renormalization Group Flows on Friedman–Lemaître–Robertson–Walker backgrounds.

Found. Phys. 2018, 48, 1291. [CrossRef]
35. Christiansen, N.; Falls, K.; Pawlowski, J.M.; Reichert, M. Curvature dependence of quantum gravity. Phys. Rev. D 2018, 97, 046007.

[CrossRef]
36. Falls, K.G.; Litim, D.F.; Schröder, J. Aspects of asymptotic safety for quantum gravity. Phys. Rev. D 2019, 99, 126015. [CrossRef]
37. Narain, G.; Percacci, R. Renormalization group flow in scalar-tensor theories: I. Class. Quant. Grav. 2010, 27, 075001. [CrossRef]
38. Oda, K.Y.; Yamada, M. Non-minimal coupling in Higgs–Yukawa model with asymptotically safe gravity. Class. Quant. Grav.

2016, 33, 125011. [CrossRef]
39. Eichhorn, A.; Held, A. Top mass from asymptotic safety. Phys. Lett. B 2018, 777, 217. [CrossRef]
40. Eichhorn, A.; Schiffer, M. d = 4 as the critical dimensionality of asymptotically safe interactions. Phys. Lett. B 2019, 793, 383.

[CrossRef]
41. Reichert, M.; Smirnov, J. Dark matter meets quantum gravity. Phys. Rev. D 2020, 101, 063015. [CrossRef]
42. Daas, J.; Oosters, W.; Saueressig, F.; Wang, J. Asymptotically safe gravity with fermions. Phys. Lett. B 2020, 809, 135775. [CrossRef]
43. Bonanno, A.; Platania, A. Asymptotically safe inflation from quadratic gravity. Phys. Lett. B 2015, 750, 638. [CrossRef]
44. Bonanno, A.; Koch, B.; Platania, A. Cosmic censorship in quantum Einstein gravity. Class. Quant. Grav. 2017, 34, 095012.

[CrossRef]
45. Bonanno, A.; Gionti, S.J.; Platania, A. Bouncing and emergent cosmologies from Arnowitt–Deser–Misner RG flows. Class. Quant.

Grav. 2018, 35, 065004. [CrossRef]
46. Bonanno, A.; Platania, A.; Saueressig, F. Cosmological bounds on the field content of asymptotically safe gravity–matter models.

Phys. Lett. B 2018, 784, 229. [CrossRef]
47. Platania, A. The Inflationary Mechanism in Asymptotically Safe Gravity. Universe 2019, 5, 189. [CrossRef]
48. Platania, A. From Renormalization Group Flows to Cosmology. Front. Phys. 2020, 8, 188. [CrossRef]
49. Bonanno, A.; Koch, B.; Platania, A. Gravitational Collapse in Quantum Einstein Gravity. Found. Phys. 2018, 48, 1393. [CrossRef]
50. Adeifeoba, A.; Eichhorn, A.; Platania, A. Towards conditions for black-hole singularity-resolution in asymptotically safe quantum

gravity. Class. Quant. Grav. 2018, 35, 225007. [CrossRef]
51. Platania, A. Dynamical renormalization of black-hole spacetimes. Eur. Phys. J. C 2019, 79, 470. [CrossRef]
52. Reuter, M.; Weyer, H. Renormalization group improved gravitational actions: A Brans-Dicke approach. Phys. Rev. D 2004, 69,

104022. [CrossRef]
53. Reuter, M.; Weyer, H. Quantum gravity at astrophysical distances? JCAP 2004, 12, 001. [CrossRef]
54. Reuter, M.; Weyer, H. Running Newton constant, improved gravitational actions, and galaxy rotation curves. Phys. Rev. D 2004,

70, 124028. [CrossRef]
55. Moti, R.; Shojai, A. On the cutoff identification and the quantum improvement in asymptotically safe gravity. Phys. Lett. B 2019,

793, 313. [CrossRef]
56. Moti, R.; Shojai, A. Geodesic congruence in quantum improved spacetimes. Phys. Rev. D 2020, 101, 064013. [CrossRef]
57. Souma, W. Non-Trivial Ultraviolet Fixed Point in Quantum Gravity. Prog. Theor. Phys. 1999, 102, 181. [CrossRef]

http://dx.doi.org/10.1103/PhysRevD.99.024042
http://dx.doi.org/10.1103/PhysRevD.94.104031
http://dx.doi.org/10.1103/PhysRevD.97.064026
http://dx.doi.org/10.1088/1361-6382/aafcea
http://dx.doi.org/10.1007/JHEP07(2012)172
http://dx.doi.org/10.12942/lrr-2006-5
http://www.ncbi.nlm.nih.gov/pubmed/28179875
http://dx.doi.org/10.1103/PhysRevD.57.971
http://dx.doi.org/10.1103/PhysRevD.65.025013
http://dx.doi.org/10.1103/PhysRevLett.92.201301
http://dx.doi.org/10.1103/PhysRevD.77.124045
http://dx.doi.org/10.1142/S0217732309031521
http://dx.doi.org/10.1103/PhysRevLett.106.251302
http://dx.doi.org/10.1016/j.physletb.2013.11.025
http://dx.doi.org/10.1007/JHEP11(2015)094
http://dx.doi.org/10.1007/JHEP08(2015)113
http://dx.doi.org/10.1007/s10701-018-0181-0
http://dx.doi.org/10.1103/PhysRevD.97.046007
http://dx.doi.org/10.1103/PhysRevD.99.126015
http://dx.doi.org/10.1088/0264-9381/27/7/075001
http://dx.doi.org/10.1088/0264-9381/33/12/125011
http://dx.doi.org/10.1016/j.physletb.2017.12.040
http://dx.doi.org/10.1016/j.physletb.2019.05.005
http://dx.doi.org/10.1103/PhysRevD.101.063015
http://dx.doi.org/10.1016/j.physletb.2020.135775
http://dx.doi.org/10.1016/j.physletb.2015.10.005
http://dx.doi.org/10.1088/1361-6382/aa6788
http://dx.doi.org/10.1088/1361-6382/aaa535
http://dx.doi.org/10.1016/j.physletb.2018.06.047
http://dx.doi.org/10.3390/universe5080189
http://dx.doi.org/10.3389/fphy.2020.00188
http://dx.doi.org/10.1007/s10701-018-0195-7
http://dx.doi.org/10.1088/1361-6382/aae6ef
http://dx.doi.org/10.1140/epjc/s10052-019-6990-2
http://dx.doi.org/10.1103/PhysRevD.69.104022
http://dx.doi.org/10.1088/1475-7516/2004/12/001
http://dx.doi.org/10.1103/PhysRevD.70.124028
http://dx.doi.org/10.1016/j.physletb.2019.04.062
http://dx.doi.org/10.1103/PhysRevD.101.064013
http://dx.doi.org/10.1143/PTP.102.181


Universe 2021, 7, 238 10 of 10

58. Bonanno, A.; Reuter, M. Renormalization group improved black hole spacetimes. Phys. Rev. D 2000, 62, 043008. [CrossRef]
59. Babic, A.; Guberina, B.; Horvat, R.; Stefancic, H. Renormalization-group running cosmologies: A scale-setting procedure. Phys.

Rev. D 2005, 71, 124041. [CrossRef]
60. Domazet, S.; Stefancic, H. Renormalization group scale-setting in astrophysical systems. Phys. Lett. B 2011, 703, 1. [CrossRef]
61. Domazet, S.; Stefancic, H. Renormalization group scale-setting from the action—A road to modified gravity theories. Class.

Quantum Grav. 2012, 29, 235005. [CrossRef]
62. Pawlowski, J.M.; Stock, D. Quantum-improved Schwarzschild-(A)dS and Kerr-(A)dS spacetimes. Phys. Rev. D 2018, 98, 106008.

[CrossRef]
63. Moti, R.; Shojai, A. Traversability of quantum improved wormhole solution. Phys. Rev. 2020, D101, 124042. [CrossRef]
64. Zeldovich, Y.B.; Eksp, Z. Equation of state at a superhigh density and relativistic restrictions. Teor. Fiz. 1961, 41, 1609.

http://dx.doi.org/10.1103/PhysRevD.62.043008
http://dx.doi.org/10.1103/PhysRevD.71.124041
http://dx.doi.org/10.1016/j.physletb.2011.07.038
http://dx.doi.org/10.1088/0264-9381/29/23/235005
http://dx.doi.org/10.1103/PhysRevD.98.106008
http://dx.doi.org/10.1103/PhysRevD.101.124042

	Introduction
	The Ellis–Bronnikov Wormhole Solution in ASG
	Conclusions
	References

